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Abstract 
We propose an on-chip Si photonics optical phased array based on a serial grating design which 
eliminates the use of directional couplers in previous designs. It significantly reduces overall 
phased array size especially when the number of the antenna is small which is often demanded in 
practice. The simulation results show our design reduces overall phased array size, increases 
optical power utilization while maintains comparable far field performance. 
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Introduction 
Radio wave phased arrays play important roles in modern communication, ranging and 
astronomy [1]. Based on the same physics but a drastically different frequency range, chip scale 
silicon photonics optical phased array has lately been drawing increasing attention for a wide 
range of applications from free-space communication [2] to image projection [3]. A phased array 
device is generally made of many antenna units which are arranged in 2D array and are 
individually tunable in phase in order to form a specific output beam pattern through 
interference effect. The spacing between antenna units in a radio wave phased array is usually 
well below the operating radio wavelength to reduce higher order interference, however, in an 
optical phased array it is generally much larger than the optical wavelength due to the limitation 
of optical waveguide design and fabrication. Then it is essential to make these antenna units as 
close to each other as possible to reduce interference hence side lobes in output beam [4-6]. 
The schematic drawing of a recent phased array design is shown in Fig. 1 [7, 8]. And each 
antenna unit is composed of three elements: an antenna, a phase shifter and a directional 
coupler. In such design, the minimal spacing between adjacent antenna units is generally limited 
by the length of the directional couplers as the adjustment in the sizes of the grating antenna and 
the phase shifter are very limited for a given wavelength and a manufacturing process. 
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Fig. 1 Schematic drawing of a recent optical phased array design. 
For example, considering a phased array with 9 by 9 antenna units and a reasonable 81% 
optical power utilization made on a common 220nm SOI platform with a critical dimension of 
180nm, it requires at least a total length of 71μm for 9 directional couplers in a row while the 
combined size of a grating antenna and a phase shifter (realized with a S-bend as in [7, 8]) in the 
row can be as short as 48.6μm. The power utilization here is defined as the theoretical 
percentage of optical power that is coupled to all grating antennas while waveguide propagation 
loss and upward diffraction loss are not counted for fair comparison between different designs. A 
more demanding optical power utilization (e.g. 98%, on par with the number our design achieves) 
would require even longer directional couplers (e.g. 95μm). Utilizing large number of antennas 
could allow smaller directional couplers for less percentage of power tapping at each one, 
however, it would render proportionally more complex electronic controlling circuits, more I/O 
counts, and most importantly more power consumption which may prevent its use in practice. 
Reducing optical power utilization could also reduce the length of directional couplers however 
again at the cost of power consumption given the same total output power. 
In this paper, we introduce a serial shallow-etched grating design to totally eliminate the use 
of directional couplers therefore to solve this dilemma. The shallow-etched gratings are 
connected in series by optical waveguides while arranged in 2D array and they serve both as 
antennas and as optical power taps. As a result, the spacing between antennas can be small and 
is independent of the number of antenna units as well as optical power utilization. The reduction 
in antenna spacing not only reduces device footprint but also helps minimize side lobes in output 
beam. Although it introduces unequal output optical power at different antennas, we confirm it 
shows insignificant impact on performance. 
Design 
A block diagram and a 3D schematic representation of the presented design are shown in Fig. 
2. A straight grating antenna, instead of a focusing one as used in [7, 8], is used and it allows a 
small part of the light scattered out of plane at a design angle while allows the rest part of light to 
pass through. A phase shifter, designed as an S-bend, is placed between two adjacent grating 
antenna connected with waveguides. The two branches of a phase shifter circled in green in Fig. 
2 (b) are where electrodes contact the lightly doped Si waveguide in between to change its phase 
by heating it up. The grating antenna (i.e. circled in blue) and the phase shifter are closely packed 
in a multi-section serpentine shape to reduce the overall size. The distance in x-axis between two 
1D arrays of antenna units can be designed by adjusting the length of the waveguide section 
circled in red in order to introduce aperiodic array design to reduce side lobes [9]. 
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Fig. 2 (a) A block diagram and (b) a 3D schematic representation of the presented design. The 
grating antenna is circled in blue, while the two branches for electrode contact are circled in 
green. 
The 3D structure of the grating antenna is shown in Fig. 3 (a). The grating is made by Si as 
core and SiO2 as cladding and a thin layer of silver is added at the bottom of the grating to 
prevent downward energy leakage therefore to enhance the upward diffraction and pass-through 
efficiencies. The efficiencies of pass-through transmission T and upward diffraction D with 
respect to tooth height h are calculated by finite-difference time-domain (FDTD) approach [11-13] 
and are shown in Fig. 3 (c). By choosing the period of grating antenna at 0.62μm, corresponding 
to a 13.6° output angle at 1.55μm wavelength, and the tooth height h at 20 nm, we can obtain 
pass-through transmission of 95% and upward diffraction of 5% which are used for the rest of the 
work. A simulated Gaussian-like far field pattern of a grating with 5 periods and a width of 1 um 
are shown in Fig. 3 (b). The diffracted beam is centered at 13.6° with -4.5° and 25.3° half 
divergence angles (defined at 1/e2 of peak intensity) in x and y, respectively. For a 99 antenna 
array design a 98.4% total optical power utilizing is achieved with an approximate length of 66μm 
in both x and y directions which is a 30% linear dimension reduction compared to the previous 
design described earlier (i.e. 95μm). The design can simply be optimized by adjusting grating 
tooth height for other array sizes and optical power utilization. 
0 20 40 60-20-40-60
-60
-40
-20
0
20
40
60
θx
θ
y
0
1.0
0.5
0.1
0.2
0.3
0.4
0.6
0.7
0.8
0.9
(b)
thh
p
h1
Silica
Silicon
Silver
w
(a)
0
0.2
0.4
0.6
0.8
1.0
T
ra
n
sm
is
si
o
n
(c)
20 251510
dh (nm)  
Fig. 3 (a) 3D structure of the grating antenna with following parameters: w=1μm, p=0.62μm, 
th=220nm, h=20nm and h1=1μm. (b) Normalized Gaussian-like far-filed pattern of the grating 
antenna. (c) Pass-through transmission T and upward diffraction D v.s. tooth height. 
 
An elliptical S-bend phase shifter described in [7, 8, 10] is adopted in the design. A typical 
design such S-bend with design parameters shown in Fig. 4 (a) can theoretically achieve 
transmission as high as 99% as shown in Fig. 4 (b). As mentioned earlier, it demands adjusting the 
S-bend parameter Rb1 in order to purposefully introduce aperiodicity. The loss-optimized values 
of other parameters (i.e. Rb2, and Ra2) at different Rb1 are shown in Fig. 4 (c). 
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Fig. 4 (a) Design and (b) FDTD-simulated optical propagation of an elliptical S-bend with following 
parameters: Rb1=2μm, Rb2=2.3μm, Ra2=1.8μm, Δ=0.6μm, w1=0.65μm. (c) Loss-optimized Rb2, and 
Ra2 v.s. Rb1 with Δ=0.6μm 
Effect of unequal optical power of antennas 
As all the grating antennas in this design are likely the same considering using a single Si etch 
step in practice, it brings up an issue of unequal output optical power of each antenna. Changing 
the number of grating period could change diffraction property however such change is limited 
(e.g. from a baseline of 5 periods) and too discrete to make fine tuning. Therefore it is important 
to study the effect of such antenna output power inequality on the performance of phased array. 
We use a phased array with 99 8μm-spaced, evenly distributed antenna units operating at 1.55 
um wavelength as an example. The output of each antenna is expressed as 
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, where T indicates pass-through transmission and D indicates diffracted optical power of a single 
grating antenna. Then the far field can be calculated as 
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, where px(y) is the period in x (y) axis, and θx(y) is diffractive angle in x(y) axis, respectively. We 
calculate far field E with T=0.95 and D=0.05 and the results are shown in Fig. 5 (a)-(c). As a 
comparison, the results of an ideal phased array with equal optical power of each antenna are 
shown in Fig. 5 (d)-(f). Although it can be found that the phased array with unequal optical power 
brings 6% noise by comparing Fig. 5 (b) and (e), impact of the noise is nearly the same of the side 
lobe shown in Fig. 5 (e). Therefore, this unequal antenna output effect is acceptable for ordinary 
application of phased array. 
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Fig. 5 (a)-(c) Far field results of the phased array with unequal antenna output. (d)-(f) Far field 
results of the phased array with equal antenna output. 
 
Discussion on size 
It has been pointed out in the introduction that the size of phased array shown in Fig. 1 is 
dominated by the length of directional couplers when the number of antenna is small. In 
comparison, the proposed design in this paper eliminates directional couplers and can 
significantly reduce overall phased array size in many cases. In this section, we further analyze 
the effect of antenna number on size reduction. In the following analysis, a total optical power 
unitization R2 is always assumed (e.g. 90%). The power utilization of each branch is then R and for 
an NN antenna phased array in Fig. (1), we can obtain 
1R N ,                            (4) 
, where η1 is coupling efficiency of the first directional coupler, and coupling efficiency of other 
directional coupler can be obtained as 
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, with La is the size of the antenna (including the S-bend phase shifter), then the average size of 
an antenna unit, Lave, is 
= totave
L
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N
,                           (8) 
The coupling length Lc with respect to coupling efficiency η of a directional coupler is calculated 
based on a commonly used waveguide cross section of 500nm220nm [13-15] and a gap of 180 
nm [14, 16] and the result is shown in Fig. 6 (a). Lave(N) for different R
2 with respect to N is 
calculated and shown in Fig. 6 (b). It demonstrates that the average size of antenna unit, Lave, in 
the previous design increases significantly with the number of antenna N get smaller (and more 
practically favorable). At a given R2 (0.98 in this example), the Lave in our design is independent of 
N, and can significantly reduce size in such cases. 
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Fig. 6 (a) Coupling length Lc v.s. coupling efficiency η of a directional coupler. (b) Average size of 
antenna unit Lave at different total optical power utilization R
2 v.s. number of antenna N in a 
branch. The average size of an antenna unit of our design is La=7.35μm with R
2 of 0.98. 
 
Conclusion 
In this paper, we introduce a Si photonics optical phased array based on a serial grating design 
that eliminates the use of directional couplers in previous designs and can significantly reduce 
overall phased array size especially when the number of the antenna is small which is often 
demanded in practice. The simulation results show our design reduces overall phased array size, 
increases optical power utilization while maintains comparable far field performance 
Acknowledgements 
This work was supported by National Natural Science Foundation of China (Grant No. 11404388, 
61405243, 61475188 and 61705257), the Strategic Priority Research Program of the Chinese 
Academy of Sciences (Grant No. XDB24030600). 
 
References 
1. Micheal Cherry, “Astronomy in South Africa:the long shot”, Nature 480, 308–309 (2011). 
2. William S. Rabinovich, Peter G. Goetz, Marcel Pruessner, Rita Mahon, Mike S. Ferraro, Doe 
Park, Erin Fleet, Michael J. DePrenger “Free space optical communication link using a silicon 
photonic optical phased array”, Proc. SPIE. 9354: 93540B (2015). 
3. Firooz Aflatouni, Behrooz Abiri, Angad Rekhi, Ali Hajimiri “Nanophotonic projection system” 
Optics express, 23(16): 21012-21022 (2015). 
4. Robert C. Hansen, “Phased array antennas” John Wiley & Sons, 2009.  
5. Daniel W. Boeringer, Douglas H. Werner, “Particle swarm optimization versus genetic 
algorithms for phased array synthesis”, IEEE Transactions on antennas and propagation, 
52(3): 771-779, (2004). 
6. Matthew G. Bray, Douglas H. Werner, Daniel W. Boeringer & David W. Machuga, 
“Optimization of thinned aperiodic linear phased arrays using genetic algorithms to reduce 
grating lobes during scanning”, IEEE Transactions on antennas and propagation, 50(12): 
1732-1742, (2002). 
7. Jie Sun, Erman Timurdogan, Ami Yaacobi, Ehsan Shah Hosseini & Michael R. Watts, 
“Large-scale nanophotonic phased array”, Nature, 493(7431), (2013). 
8. Jie Sun, Erman Timurdogan, Ami Yaacobi, Zhan Su, Ehsan Shah Hosseini, David B. Cole & 
Micheal R. Watts, “Large-scale silicon photonic circuits for optical phased arrays”, IEEE 
Journal of Selected Topics in Quantum Electronics, 20(4): 1-15, (2014). 
9. Daniel W. Boeringer, Douglas H. Werne, “Particle swarm optimization versus genetic 
algorithms for phased array synthesis”, IEEE Transactions on antennas and propagation, 
52(3): 771-779, (2014). 
10. Michael R. Watts, Jie Sun, Christopher DeRose, Douglas C. Trotter, Ralph W. Young, and 
Gregory N. Nielson, “Adiabatic thermo-optic Mach–Zehnder switch”, Optics letters, 38(5): 
733-735, (2013). 
11. https://www.photond.com/ 
12. K. S. Kunz, R. J. Luebbers, “The finite difference time domain method for electromagnetics”, 
CRC press, (1993). 
13. E. D. Palik, “Handbook of optical constants of solids”, Academic press, (1998). 
14. Wim Bogaerts, Reol Baets, Pieter Dumon, Vincent Wiaux, Stephan Beckx, Dirk Taillaert, Bert 
Luyssaert, Joris Van Campenhout, Peter Bienstman and Dries Van Thourhout, 
“Nanophotonic waveguides in silicon-on-insulator fabricated with CMOS technology”, 
Journal of Lightwave Technology, 23(1): 401-412, (2005). 
15. Shankar Kumar Selvaraja, Wim Bogaerts, Pieter Dumon, Dries Van Thourhout & Reol Baets, 
“Subnanometer linewidth uniformity in silicon nanophotonic waveguide devices using CMOS 
fabrication technology”, IEEE Journal of Selected Topics in Quantum Electronics, 16(1): 
316-324, (2010). 
16. Long Chen, Christopher R. Doerr, Young-Kai Chen & Tsung-Yang Liow, “Low-Loss and 
Broadband Cantilever Couplers Between Standard Cleaved Fibers and High-Index-Contrast 
Si3N4 or Si Waveguides”, IEEE Photonics Technology Letters, 22(23): 1744-1746, (2010). 
 
 
 
